Abstract. Medulloblastoma (MB) is one of the most common malignant brain tumors of childhood and is associated with a poor prognosis. Gap-junctional intercellular communication (GJIC) is an important mode for cell-to-cell communication. Dysfunctional GJIC is exhibited in most cancer cells. There is significant evidence that GJIC is important in at least some prodrug/suicide gene systems by augmenting the bystander effect (BE). GJIC is made up of connexins (Cxs), among which Cx43 is present in most tissues. Bcl-2, an important apoptosis blocker, is closely associated with the sensitivity to anticancer drugs. Our study showed that dibutyryl cyclic adenosine monophosphate (db-cAMP) upregulated the Cx43 expression and GJIC function in Daoy medulloblastoma cells. It directly enhanced the BE using a herpes simplex virus thymidine kinase (HSV-tk)/ganciclovir (GCV) system, which was blocked by a Cx43 inhibitor. In addition, db-cAMP increased the cytotoxicity of temozolomide and teniposide, possibly by downregulating the Bcl-2 expression and inducing apoptosis. Taken together, we demonstrated the beneficial effect of db-cAMP in treating medulloblastoma depending on the upregulation of BE and chemosensitivity through Cx43 and Bcl-2-mediated pathways.
Introduction
Medulloblastoma (MB) is the most common malignant brain tumors of childhood, accounting for >20% of pediatric brain tumors. Despite recent advances in the treatment of medulloblastoma including improved surgical resection techniques, radiation and chemotherapy (1, 2) , the prognosis is still relatively poor in infants. Gene therapy, particularly suicide gene therapy may offer an attractive approach for the treatment of these patients. However, gene therapy trials have often produced poor results. Present delivery systems, such as adenoviruses or retroviruses, are unable to reach the total cancer population (3, 4) . Therefore, the enhancement of the so-called 'bystander effect' (BE) in which tumor cells that are not transduced with the suicide gene are also eliminated along with gene-transduced cells may have a significant impact on the therapeutic efficacy.
Gap-junctional intercellular communication (GJIC) is an important factor in the cell-to-cell communication in cellular homeostasis, normal embryonic development (5, 6) , differentiation, and the regulation of cellular proliferation (7) . Dysfunctional GJIC is exhibited in most cancer cells (8) . There is evidence that GJIC is important in at least some prodrug/ suicide gene systems (9, 10) by augmenting BE. GJIC is made up of hemichannels (called connexons) in the membrane of one cell joined in mirror symmetry with the same number of hemichannels in the opposing cell membrane, which are composed of six subunits called connexins (Cxs) (11) . Among various Cxs, Cx43 is present in most tissues or cell types and is reduced in cancer and chemically transformed cells (12) (13) (14) . Rosolen et al (15) reported a suboptimal in vivo effect of the suicide gene therapy in treating MB, which might partially be explained by a limited BE coupled with a low expression of Cx43 protein. More importantly, the trans fection of Cx43 was found to increase sensitivity to several chemotherapeutic agents in human glioblastoma U251 cells (16) . Our previous study showed that Cx43 expression is increased when Daoy cells are co-cultured with neural stem C17.2 cells, which may be one way of augmentating BE (17) . A large body of experimental evidence suggests that apoptosis is regulated by both apoptosis blockers and apoptosis promoters. Bcl-2, an important apoptosis blocker, is known to be closely associated with the sensitivity to anticancer drugs. Elevated levels of Bcl-2 protein in gene-transfection experiments lead to the increased resistance to a wide variety of chemotherapeutic drugs as well as radiation (18) (19) (20) . Therefore, identification of an effective agent which may influence both Cx43 and Bcl-2 in the treatment of MB is needed.
In the present study, we investigated the effect of dibutyryl cyclic adenosine monophosphate (db-cAMP) on BE and chemosensitivity in human medulloblastoma Daoy cells. Our results showed that db-cAMP upregulates Cx43 protein expression and thus the GJIC function, which may possibly result in the enhancement of BE in the herpes simplex virus thymidine kinase (HSV-tk)/ganciclovir (GCV) system. Meanwhile, db-cAMP increased the cytotoxicity of temozolomide and teniposide in Daoy cells, possibly by downregulating the Bcl-2 expression and increasing apoptosis.
Materials and methods
Cell culture. D283Med, Daoy and D341Med cells (originally obtained from the American Type Culture Collection, ATCC) were maintained in an Advanced-Minimal Essential medium (Sigma-Aldrich, St. Louis, MO, USA) at 37˚C under 5% CO 2 , supplemented with 10% fetal bovine serum, 2 mmol/l L-glutamine, 2 mmol/l sodium pyruvate, 100 U/ml penicillin, and 100 µg/ml streptomycin. As was indicated, db-cAMP (Sigma-Aldrich) was added at a final concentration of 0.5 mmol/l and gossypol at a final concentration of 5 µmol/l, both of which, based on the result of preliminary study, have no toxic effect on Daoy cells.
Western blot analysis.
Cell lysis from different cell lines or brain tissues were extracted as usual, separated by SDS-polyacrylamide gel and transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). The membranes were then incubated with an anti-Cx43 or Bcl-2 monoclonal antibody (Sigma-Aldrich) diluted to 1:200, followed by incubation with a rabbit anti-mouse horseradish peroxidase conjugated IgG. The ECL western blot analysis kit (Amersham, Italy) was used to observe the results.
Scrape-loading and dye transfer. To assess GJIC function under different conditions, the scrape-loading and dye transfer (SL/DT) assay was carried out. Daoy cells were treated with db-cAMP for 12, 24 or 72 h, followed by incubation with gossypol for another 12 or 48 h. Daoy cells grown on glass chambers were rinsed with PBS. A scrape through the monolayer was made with a needle in the presence of 0.5% hydrophilic dye Lucifer yellow in the extracellular solution. After incubation for 3 min at room temperature, cells were washed with PBS and then incubated for another 5 min. Cells were then fixed with 4% paraformaldehyde and observed under a confocal microscope (Olympus, Tokyo, Japan) to measure the longest distance of Lucifer yellow from the scrape.
Retroviral vectors and stable transfection.
The HSV-tk retrovirus-producing cells (PA317, mouse fibroblast cell line with HSV-tk gene) were obtained from Genetic Therapy, Inc., (Gaithersburg, MD, USA). To produce a virus-containing supernatant, the cells were plated in 75-cm 2 flasks in DMEM with high glucose and 10% heat-inactivated foetal calf serum. After 24-48 h of incubation, the supernatant was collected, filtered and stored at -80˚C until use. Parental Daoy cells were incubated in a 75-cm 2 flask and then transferred to 6-well plates. Twenty-four hours later, 2x10 5 cells were incubated in a supernatant containing vectors with 4 µg/ml Polybrene (Sigma-Aldrich) for 24 h before being cultured in normal medium. The cells were then exposed to 1 mg/ml G-418 (Life Technologies, Carlsbad, CA, USA) for drug selections. After 2 weeks of G-418 selection, resistant cells were obtained for consecutive experiments.
Indirect immunofluorescence assay. Diluted serum (20 µl) (1:10) was added onto slides containing a monolayer of transfected cells, which were fixed in acetone for 10 min. The slides were incubated in 0.2% Triton X-100 at room temperature for 10 min, washed three times with phosphate-buffered saline (PBS) and then maintained in non-immune serum and incubated at 37˚C for another 30 min. After the serum was removed, the antibody against HSV-tk (diluted 1:100) or Myc (diluted 1:50) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was added and incubated at 4˚C overnight. After being washed three times with PBS, the slides were incubated with fluorescein isothiocyanate (FITC)-labeled rabbit anti-mouse IgG for 30 min. Nuclei were stained with 2 µg/ml Hoechst 33342 at 37˚C for 20 min and then fluorescence was detected.
RT-PCR.
Total RNA was isolated from Daoy cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and cDNA was synthesized with the cDNA Synthesis kit (Roche, Basel, Switzerland). The primers for HSV-tk and β-actin were: HSV-tk 5'-GCGC GTATGGCTTCGTACCC-3' (sense) and 5'-TCCTTGCGTGT TTCAGTTAGCCTC-3' (antisense); β-actin, 5'-TCACCCAC ACTGTGCCCATCTACGA-3' (sense) and 5'-CAGCGGAACC GCTCATTGCCAATGG-3' (antisense). PCRs were carried out under optimized conditions. Agarose electrophoresis (2%) was used for detection. The integrated density values (IDV) were calculated with β-actin as an internal control.
MTT assay. An MTT assay was performed to detect the effect of db-cAMP on BE, GCV cytotoxicity, and the toxicity of various drugs in Daoy cells. Briefly, 20 µl of MTT was added to treated or untreated Daoy cells at a final concentration of 5 mg/ml, and cells were incubated for another 4 h at 37˚C and dissolved by 150 µl DMSO (Sigma-Aldrich). Finally, plates were read on a microplate reader at 570 nm. For BE, cells were treated with 0.5 mmol/l db-cAMP for 72 h or with 0.5 mmol/l db-cAMP for 24 h, followed by gossypol for another 48 h, and mixing experiments were carried out and the ratio of tk + /tk -cells for 50% cell killing was detected. For GCV toxicity, cells were treated with 100 µmol/l GCV combined with or without 0.5 mmol/l db-cAMP for 24 or 72 h, and the ratio of the OD value of db-cAMP-treated cells to that of untreated cells was calculated to assess cell survival. For drug toxicity assay, cells were treated with temozolomide or teniposide combined with or without 0.5 mmol/l db-cAMP or a Bcl-2 family antagonist (ABT-737, 0.01 µmol/l) and the inhibition concentration of 50% cell growth (IC 50 ) was calculated for various drugs. Statistical analysis. Data were compared by Mann-Whitney U and Kruskal-Wallis non-parametric tests. P<0.05 was considered significant. The statistical process was completed using SPSS 13.0 software.
Results

Influence of db-cAMP on Cx43 expression and GJIC function in medulloblastoma cells.
To elucidate the role of Cx43 in medulloblastoma, we first examined its expression in a case of primary human MB and different medulloblastoma cell lines with normal rat brain tissues as the control. As expected, the results of western blot analysis (Fig. 1) showed low expression levels of Cx43 in MB tissues and in all 3 cell lines (D283Med, Daoy and D341Med, respectively), indicating the effect of Cx43 on the development or progression of medullo blastoma. Daoy cells were used in the following study.
We then detected the changes of Cx43 protein levels following the treatment of Daoy cells with db-cAMP by western blotting. As noted in Fig. 2 , in the basal state, Daoy cells expressed a comparatively low level of Cx43 protein. A non-toxic dose of db-cAMP (0.5 mmol/l) led to an increase in the Cx43 protein (43 kDa) as well as its phosphorylated forms (44 and 46 kDa), reaching ~2-fold over the control. When cells were treated with 1 or 1.5 mmol/l db-cAMP, the Cx43 protein, as well as its phosphoryl ation forms, was further increased to ~3-fold of the control. Notably, despite the increasing concentration of db-cAMP from 1.0 to 1.5 mmol/l the Cx43 protein was not increased, but slightly reduced. Meanwhile, the Cx43 protein and its phosphorylated forms declined to ~one-fourth of the control, with the treatment of db-cAMP (0.5 mmol/l) together with gossypol, a Cx43 inhibitor. These results suggest that db-cAMP significantly increases the expression of the Cx43 protein and its phophorylated forms in Daoy cells in a concentration-dependent manner.
Subsequently, we evaluated the GJIC function of Daoy cells by conducting a scrape-loading and dye transfer (SL/DT) assay. Functional GJIC was determined in the intercellular transfer of Lucifer yellow after using the scrape-loading assay. The diffusion length of the Lucifer yellow was 501.04±17.76 µm, measured at 5 min, in cells treated with db-cAMP for 72 h, which was significantly faster (P<0.01) than 290.22±12.27 µm in cells treated for 24 h (Fig. 3) . Compared with the control, the GJIC function in cells treated with db-cAMP was greatly enhanced at both 24 and 72 h (P<0.01), which was blocked by gossypol, suggesting the involvement of Cx43 in the effect of db-cAMP on GJIC function.
Identification of HSV-tk-transfected cells.
To assess the BE, we transfected Daoy cells with retroviral vectors containing the HSV-tk gene. The transfection efficiency was first detected using indirect immunofluorescence asssy. As shown in Fig. 4 , the retroviral vectors were successfully transfected and HSV-tk was expressed in Daoy cells.
Furthermore, we detected the mRNA expression of the HSV-tk gene in transfected Daoy cells. RT-PCR results showed a HSV-tk band (Fig. 5) , suggesting the stable expression of the gene in the cells.
Effect of db-cAMP on BE in the HSV-tk/GCV system. To evaluate the influence of db-cAMP on BE, MTT was performed. As shown in Fig. 6 , db-cAMP markedly enhanced the BE compared with control cells when the ratio of tk + /tk -cells was 1:1-1:16 (P<0.05). GCV treatment without db-cAMP obtained 50% cell killing at the ratio of 1:2 of tk + /tk -cells, but only the ratio of 1:8 was needed in the presence of db-cAMP (P<0.05). Significant BE could be observed when the ratio of tk + /tk -cells Moreover, we also investigated whether db-cAMP has a synergistic effect when co-administering Daoy cells with GCV. Results showed that there was no significant difference in cell survival between cells with or without db-cAMP treatment for 24 or 72 h after GCV administration (P>0.05) (Fig. 7) , which excluded the influence of db-cAMP on GCV cytotoxicity.
Effect of db-cAMP on Bcl-2 expression and drug cytotoxicity.
The expression of Bcl-2 protein was detected by western blot analysis, and results showed that db-cAMP treatment downregul ated the Bcl-2 level in a concentration-dependent manner in Daoy cells (Fig. 8) . Meanwhile, the results of flow cytometry (Fig. 9) showed db-cAMP greatly increased the early apoptosis rate of Daoy cells, and when cells were treated with db-cAMP combined with gossypol, the early apoptosis rate was only slightly augmented compared with the control. These data indicated that db-cAMP may induce early apoptosis in Daoy cells, which was blocked by gossypol.
Cytotoxicity of each chemotherapeutic drug in Daoy cells was measured by determing the IC 50 value (Fig. 10) . The IC 50 values of temozolomide (TMZ) and teniposide (VM26) were significantly decreased in cells treated with db-cAMP, indicating the cytotoxicity of both agents was greatly enhanced by db-cAMP (reaching >5-fold of the control, P<0.05). Importantly, a Bcl-2 antagonist, ABT-737, also augmented their chemosensitivity (reaching ~2.5-fold over control, P<0.05), indicating that a decrease in Bcl-2 may increase the sensitivity of the two agents, and the upregulated chemosensitivity by db-cAMP may partly result from the repression of Bcl-2 expression.
Discussion
In the present study, we first demonstrated the direct influence of db-cAMP on BE and chemosensitivity in human medulloblastoma. A Cx43 inhibitor, gossypol, blocked the effect of db-cAMP by downregulating the Cx43 expression and thus GJIC function, suggesting a role of Cx43 in db-cAMPinduced increase of BE. Meanwhile, db-cAMP decreased the Bcl-2 expression and increased apoptosis, which may be a possible mechanism of db-cAMP-augmented chemosensitivity in medulloblastoma.
Previous studies demonstrated that the upregulation of Cx43, one of the major GJIC components, leads to an increased BE in suicide gene therapy and the sensitivity of several chemotherapeutic agents (16, 21, 22) . Expression of Cx43 was found to be reduced in many human carcinomas, including glioblastoma (7) . In this study we found comparatively low levels of Cx43 protein in 3 MB cell lines (D283Med, Daoy and D341Med), indicating a role in the development or progression of MB. Chemical induction of Cx43 has been more effective compared with gene delivery, since a larger cancer cell population is obtained. Therefore, we aimed to identify potential chemicals to enhance BE in a Cx43-mediated manner in MB. A number of classes of chemicals were found to increase Cx43, including retinoids, cAMP, and carotenoids (23) . Numerous studies have demonstrated that cAMP is a potent inducer of differentiation, which may also decrease proliferation of neoplastic cells (24) . Therefore, we selected db-cAMP as the potent chemical to treat Daoy cells. We used Daoy cells in the present study since Daoy cells grow in adhesion and are more suitable for in vitro experiments. Meanwhile, Cx43 expressed low levels in all 3 cell lines, which is a common phenomenon in tumor cells, and db-cAMP increased the Cx43 expression in D283Med and D341Med cells (data not shown). Therefore, to the best of our knowledge, these cells may similarly express the Cx43 gene and we selected Daoy cells due to their growth characteristic advantages. Our results demonstrated that db-cAMP increased the expression of the Cx43 protein as well as its phosphorylated forms in Daoy cells, in a dose-dependent manner. The GJIC function was also greatly enhanced by db-cAMP. However, the effect was blocked by the Cx43 inhibitor, gossypol. Cx43 protein is phosphorylated by various protein kinases (25, 26) , including PKC and MAP kinases. Previous studies have shown that activ ation of cAMP-dependent protein kinase leads to a rapid augmentation in Cx43 phosphorylation (27) , and increases intercellular communication (28, 29) . Our results correspond with these reports, which demonstrated the treatment of db-cAMP in Daoy cells leads to an evident increase in phosphorylated Cx43 and thus GJIC function. Meanwhile, we noted that in cells treated with both db-cAMP and gossypol, the Cx43 protein level was even lower than that of the control, but the GJIC function in these cells was almost the same as the control. A possible explanation is that gossypol may inhibit the expression of both the basal and db-cAMP-induced Cx43 expression in Daoy cells, but the GJIC function may also be influenced by an other effect of db-cAMP apart from the upregulation of Cx43, which cannot be completely blocked by gossypol.
There are a number of suicide gene systems for treating different tumors, among which the HSV-tk/GCV is used the most widely. Interestingly, studies show that the enhancement of BE may further increase the therapeutic effect of HSV-tk as a more toxic effect can spread from the transduced cells to the neighboring untransduced cells. Several hypotheses have been proposed for its mechanism, including the involvement of the immune response (30, 31) , apoptosis (32) , endocytosis of toxic cell debris (33) or blood vessel destruction (34) . In the present study, we first transfected Daoy cells with retroviral vectors containing the HSV-tk gene, and an indirect immunofluorescence assay and RT-PCR showed that HSV-tk was stably expressed. To investigate the effects of db-cAMP on BE, an MTT assay was performed, which showed that BE was enhanced by db-cAMP in Daoy cells. Cell killing was significantly increased when the ratio of tk + /tk -cells was 1:1-1:16, which suggest that db-cAMP increased cell killing significantly when Daoy-tk + cells were in a small proportion, which is a common situation found in suicide gene therapy. In this study cell killing was no longer increased when the ratio of tk + /tk -cells was 2:1. The reason may be that when the GJIC function (the most important factor affecting BE) reached a Figure 9 . Daoy cells were treated with db-cAMP (or combined with gossypol). Apoptosis was detected using flow cytometric analysis. db-cAMP greatly increased the early apoptosis rate of Daoy cells, and when cells were treated with db-cAMP combined with gossypol, the early apoptosis rate was only slightly augmented compared with the control. maximum, BE was no longer enhanced, even when gap junction assembly was further enhanced. When the Cx43 inhibitor, gossypol, which downregulates Cx43 and decreases GJIC specifically, was added subsequently, cell killing decreased significantly, regardless of the proportion of tk + cells. These results suggest that by regulating the Cx43 expression and GJIC function, db-cAMP may greatly enhance the BE in Daoy cells.
Furthermore, we investigated the role of db-cAMP in the cytotoxicity of chemotherapeutic agents temozolomide (TMZ) and teniposide (VM26). Essentially the mechanism used to kill cancer cells by inducing apoptosis with cytotoxic anticancer drugs is commonly used in the treatment of MB. Thus, we examined the expression of Bcl-2, an apoptosis blocker, and revealed db-cAMP downregulated the levels of Bcl-2 protein in a concentration-dependent manner. db-cAMP induced early apoptosis in Daoy cells, which was blocked by gossypol. Our results showed that db-cAMP induced the cytoxicity of the two agents, which partly resulted from its downregulation of Bcl-2 expression and induction of apoptosis. We presume that the downregulation of Bcl-2 by db-cAMP could re-start the apoptosis pathway it blocked, activate the apoptosis-related gene and increase apoptosis of tumor cells. Another important factor is our selection of temozolomide and teniposide, whose molecular weight was <1 kDa. These agents can pass through gap junctions more easily, avoiding the influence of drug particle size on the experimental results.
It is also possible that the db-cAMP effect on BE was also a result of its repressing Bcl-2 expression by the activation of apotosis. At the same time, db-cAMP augmented the cytotoxicity of TMZ and VM26 (>5-fold of the control) more significantly than the effect of the Bcl-2 antagonist (~2.5-fold over control), indicating that the increase in chemosensitivity by db-cAMP may also result from other factors besides the suppression of Bcl-2, such as the augmentation of Cx43 expression and the GJIC function, which could spread the effect of the chemical agents more widely.
In summary, our study demonstrates the beneficial effect of db-cAMP in the treatment of human medulloblastoma through its upregulation of BE and increased chemosensitivity through Cx43 and Bcl-2-mediated pathways. The data revealed that db-cAMP increased the Cx-43 expression and GJIC function in Daoy cells. As a result, it enhanced the BE in the HSV-tk/GCV system. Meanwhile, db-cAMP repressed the Bcl-2 expression and induced apoptosis, which may be a possible way to increase the sensitivity of temozolomide and teniposide. The present study provides certain molecular mechanisms for clinical trials in the gene therapy of medulloblastoma.
